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Abstract 
In Flanders threshold values of soil mineral nitrogen (Nmin) in the soil profile (0-
90 cm) in autumn are used in legislation to judge fertilization practices and evaluate 
the nitrate (NO3-) leaching risk during winter. The average Nmin measured in leek fields 
are high compared to most arable crops. The objective of this study was to investigate 
if high Nmin values at harvest can be decreased without reducing yield quantity and 
quality. We re-analyzed Flemish leek field experiments with various nitrogen (N) 
fertilizer application rates (2001-2016). We examined marketable yield quantity and 
quality and residual soil mineral N (RSMN) to rooting depth (0-60 cm) at harvest from 
July till April the next year. Considering the N supply (= applied effective N + Nmin (0-
60 cm) at planting), the marketable yield was on average higher in July till December 
than in January till April. The maximum marketable yield was obtained at ≈150-200 kg 
N supply ha-1. Generally RSMN values measured in July till December were higher than 
those in January till April. This can be explained by higher N mineralization rates in the 
first case and possibly some NO3- leaching in the latter case. There was no significant 
difference in scores of abrasion hardness nor leaf color or uniformity at ≈150-200 kg N 
supply ha-1 compared to higher N supplies. Taking into account a mean Nmin value (0-
60 cm) at planting of 69±45 kg N ha-1 (average±standard deviation), effective N 
application rates in the order of 80-130 kg N ha-1 are maximum, which allows Nmin 
values below 50 and 70 kg N ha-1 in the 0-60 cm and 0-90 cm layer, respectively. These 
results indicate that N fertilization advices of leek can be reduced without risking a 
decreased marketable yield quantity and quality but minimizing NO3- leaching during 
winter. 
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INTRODUCTION Previous efforts to reduce nitrogen (N) losses from agriculture have resulted in improvements of ground- and surface water quality, but in several regions in Western Europe, the 50 mg nitrate (NO3-) L-1 norm, put forward by the European Nitrates Directive, has still not been achieved (European Commission, 2013). Nitrate leaching from agricultural soils is most likely to occur during autumn and winter, and therefore mineral nitrogen (Nmin) before the onset of winter can be used as a simple indicator of the NO3- leaching risk (De Jong et al., 2009; De Waele et al., 2017). In Flanders and Wallonia (Belgium) and Baden-Württemberg (Germany) threshold values of Nmin in the soil profile (0-90 cm depth) in autumn are used in legislation to judge fertilization practices and to evaluate the NO3- leaching risk during winter (Hofman et al., 2013). While the measured Nmin of Flemish fields (October 1-November 15) were reduced from on average 73 kg NO3--N ha-1 (±8700 fields) in 2007 to on average 59 kg NO3--N ha-1 (±16000 fields) in 2016, the reduction in leek fields was double in absolute terms (148 kg NO3--N ha-1 in 2007 [94 fields] and 119 kg NO3--N ha-1 in 2016 [142 fields]), but the average Nmin remained high compared to other crops (VLM, 2017). Next to an N use efficiency reduction, excessive N availability can also negatively 
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influence marketable yield of various vegetables. High N supply can result in poor product quality and aggravate disease incidences, which reduces profits, but can also have effects on taste components, like bitterness in cabbage, induce an undesired increase of the NO3- concentration and reduce the shelf life (Albornoz, 2016). The objective of this study was to investigate if the residual soil mineral N (RSMN) to rooting depth (0-60 cm) of leek can be decreased without reducing yield quantity and quality. 
MATERIAL AND METHODS We re-analyzed 25 Flemish (organized by Inagro: 7, PCG: 12 and PSKW: 6) leek (Allium 
porrum L.) experiments with various N fertilizer application rates (0-392 kg effective N ha-1 with a median of 126 kg effective N ha-1 and 5-470 kg N supply ha-1 with a median of 202 kg N supply ha-1) (2001-2016). Mineral fertilizers (mainly ammonium nitrate (without or with nitrification inhibitor) and ureum) were applied broadcasted or with band or row application. Nitrogen fertilization was fractionated at 2/3 of the plots based on soil sampling. According to the Belgian soil texture triangle mainly loam and sandy loam fields were planted with leek. The number of treatments was 4 or 5 per location. The leek was planted between the end of March and July, but especially in June (10 fields) and July (8 fields). The leek was harvested from July till April. In July-September, December, January, March and April 1 to 3 fields were harvested, while in October, November and February 6, 5 and 4 fields were harvested, respectively. The N fertilizer experiments focused on yield quantity and/or quality and/or RSMN at harvest and therefore not all examined parameters were available for all fields. Composite soil samples of the 0-30 and 30-60 cm layers were taken before planting and at harvest of 25 and 21 fields, respectively and analyzed for NO3--N by extraction with 1 M KCl solution (ISO 14256). The NO3--N concentration in the extract was measured colorimetrically using a continuous flow auto-analyzer. Ammonium N (NH4+-N) was not included because the amounts are rather small and relatively constant at planting time (before any N fertilization) and at harvest (Demyttenaere et al., 1990). Marketable fresh matter yield of 24 fields was measured. The quality parameters were assessed at harvest using a 9 point evaluation scheme between 1 = extremely poor and 9 = excellent. Leaf color, abrasion hardness and uniformity were determined in 18, 14 and 16 fields, respectively. We examined soil Nmin to rooting depth (0-60 cm) at planting and harvest and marketable yield quantity and quality in function of N supply (= applied effective N + Nmin (0-60 cm)) and in function of the harvest month. 
RESULTS AND DISCUSSION 
Soil mineral nitrogen at planting Figure 1 shows the Nmin in the 0-30 and 0-60 cm layer at planting. Due to N mineralization from soil organic matter (SOM) and in some cases from the incorporation of a catch crop or crop residues from an earlier crop the Nmin (0-60 cm) was on average 40 kg NO3--N ha-1 higher in the summer months (June-July) compared to the N amounts in spring (Figure 1). Two thirds of the increase (about 30 kg NO3--N ha-1) was measured in the 0-30 cm layer. 
Marketable yield The marketable fresh matter yield was on average higher in July till December (median yield 47-54 Mg ha-1 with a median of 185 kg N supply ha-1) than in January till April (median marketable yield 36-45 Mg ha-1 with a median of 204 kg N supply ha-1) (Figure 2). Indeed, serious weather injuries during rigorous winters may considerably reduce the marketable and total fresh matter yield. For leek planted in June 2003-2005 (Poland) on average 52 and 68% of the marketable and total fresh matter yield, respectively, was measured in leek harvested in April compared to November (Kołota and Adamczewska-Sowińska, 2007). The high yields of some experiments harvested in January till April can be explained by the exceptional weather conditions i.e. low precipitation and high temperature. 
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 Figure 1. Boxplots of nitrate nitrogen amount (kg NO3--N ha-1) in the 0-30 (left), 30-60 (middle) and 0-60 cm (right) layer at planting in function of planting month (X = average). Sources: Inagro, PCG and PSKW. In the UK harvest in January-April (2009-2014) resulted in a marketable and total fresh matter yield ranging between 10 to 39 and 29 to 91 Mg ha-1, respectively (N fertilizer application rate between 75 and 500 kg effective N ha-1) (AHDB, 2011, 2014). Also in the Netherlands (2002-2010) lower yields were observed for late harvest (from January on)(up to 35 and 63 Mg ha-1 marketable and total fresh matter yield, respectively) compared to an earlier harvest (up to 51 and 114 Mg ha-1 marketable and total fresh matter yield, respectively) (van Geel et al., 2006; de Ruijter, 2008; van Geel, 2008; de Haan et al., 2011). D’Haene et al. (2018) fitted a logistic curve to the relation between marketable and total fresh matter yield and crop available N (= applied effective N + Nmin at planting + N deposition + N mineralization rate) with the pooled data of 9 non-overwintering Flemish leek fields (2013-2016). The average maximum marketable and total fresh matter yields were 55 and 81 Mg ha-1, respectively (D’Haene et al., 2018). The N fertilizer application rate had a limited effect on the marketable fresh matter yield. Sorensen et al. (2006), van Geel et al. (2006), de Ruijter (2008), AHDB (2011) and de Haan et al. (2011) found an increase in leek marketable fresh matter yield (1996-2011) up to about 100-150 kg applied effective N ha-1 in the Netherlands, UK and Denmark. The low N fertilization effect measured by van Geel et al. (2006) was contributed to the high Nmin at the start and N mineralized during the cropping period (2.6-2.9% SOM). The maximum marketable fresh matter yield was obtained at ≈150-200 kg N supply ha-1. However, for most fields the effect of various N supplies was hardly significant as a consequence of rather high Nmin amounts at planting time and an important N release from mineralization as a result of the long vegetation period. 
Yield quality High N fertilization rates are often applied based on the assumption that this is important to meet the consumers and auctions quality requirements, i.e. firm white shafts with dark green leaves (Van Hoof, 2015; Flandria, 2018). In contrast to this believe only a risk for a low leaf color score was found for N supplies <100-150 kg N ha-1 (Figure 3). The high leaf color score for N supply in October (colored in gray at the upper left) can be explained by a high N amount released by mineralization as soil sampling took place 7 weeks before planting. Nitrogen was mineralized from the soil, but also from the previous catch crop rye-grass. The leaf color scores in the Netherlands were lower for underfertilized (<100 kg effective N ha-1) compared to fertilized plots (harvest between end of November and February, 2002-2010) (de Ruijter, 2008; Van Geel, 2008; de Haan et al., 2011). Measurements based on leaf color with a SPAD meter during the growing period (The Netherlands, 2006-2008 and UK, 2009-2011) only showed a lower chlorophyll concentration index when <150 kg effective N ha-1 was applied (de Ruijter, 2008; AHDB, 2011). 
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 Figure 2. Marketable fresh matter yield (Mg ha-1) and residual soil mineral nitrogen (RSMN) in the 0-60 cm layer (kg NO3--N ha-1) at the harvest of leek in function of nitrogen (N) supply (= applied effective N + NO3--N at planting (0-60 cm)) (kg N ha-1) at different harvest months. Sources: Inagro, PCG and PSKW. Abrasion hardness is the physiological impairment and dehydration due to cold and windy weather conditions resulting in wilted and yellowed leaves with white borders. Summer and autumn varieties are selected for a rapid growth and are more sensitive to abrasion hardness than the winter varieties that are selected based on winter hardiness. The abrasion hardness not only depends on the variety but also the N fertilizer application rate. Horticulturalists must apply N fertilizers without providing an oversupply or causing a 
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deficiency in order for the leek plants to have the best chance of withstanding the environmental stress of winter conditions. An N oversupply in the fall combined with high rainfall and temperatures can extend the growth period, putting plants at risk of injury if a killing frost occurs unexpectedly. An N deficiency can cause a lack of chlorophyll, leaves are yellow and plants become weak and may be prone to mechanical injury (Snyder, 2011; Hanegraaf and van Alebeek, 2013). The high abrasion hardness score for low N supply in October (colored in gray) can be explained by the early soil sampling (see before). 
 Figure 3. Leaf color, abrasion hardness and uniformity (score between 1 and 9) of leek in function of nitrogen (N) supply (= applied effective N + NO3--N at planting (0-60 cm)) (kg N ha-1) at different harvest months.  Sources: Inagro, PCG and PSKW. The same relation with N supply and scores for uniformity was found as for the quality parameters leaf color and abrasion hardness. Crop uniformity is important for the horticulturalists as comparable size and quality simplifies mechanical harvest and classification of the leek. Harvest, cleaning and delivery are labor intensive and therefore efficiency is important (De Reycke and Tack, 2017). Deuninck and Vervloet (2016) calculated that for leek production in 2010-2013 costs for plant material (2347 euro ha-1), fertilizers (467 euro ha-1) and pesticides (1029 euro ha-1) were relatively low compared to the labor costs (2537 and 10459 euro ha-1 excluding and including own labor, respectively) (Deuninck and Vervloet, 2016). There was no significant difference in scores of leaf color nor abrasion hardness nor uniformity at ≈100-150 kg N supply ha-1 compared to higher N supply. 
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Soil mineral nitrogen at harvest As leek is harvested from July until the following April, part of the growing period can take place during cool periods with high rainfall and reduced growth associated with a high risk of NO3- leaching losses (De Jong et al., 2009; De Waele et al., 2017). Generally RSMN values (0-60 cm) in July till December were higher than in January till April (Figure 2). The highest RSMN values (up to 200 kg N ha-1) were measured in October – December for those treatments with high N supply. In general ≈150-200 kg N supply ha-1 allowed Nmin values below 50 and 70 kg N ha-1 in the 0-60 cm and 0-90 cm layer, respectively, as the median Nmin of 60-90 cm was 20 kg N ha-1 (data not shown). The low RSMN value in January till April (<50 kg N ha-1) independent of the amount of applied effective N rates can be explained by NO3- leaching. In the Netherlands (2002-2003) and the UK (2009-2011) also low RSMN were measured for unfertilized plots and fields harvested in February or April (<25 kg N ha-1) with the exception of an overfertilized plot receiving 500 kg N ha-1 where 66 kg N ha-1 was measured (Van Geel, 2008; AHDB, 2011). On a sandy soil in the Netherlands RSMN <70 kg N ha-1 were measured for harvest in November or December (2008-2010) although up to 300 kg N ha-1 was applied (de Haan et al., 2011). In Denmark (1996-1999) 23-31 kg N ha-1 was measured in the 0-50 cm layer at harvest in September if N supply was ≤200 kg N ha-1, while up to 100 kg N ha-1 was found when N supply was 325 kg N ha-1 (Sorensen et al., 2006). To reduce the risk of high RSMN at harvest and NO3- leaching in late harvested leek, an intercrop can be sown i.e. a catch crop before the harvest of the leek. However, an adequate strategy must be implemented to avoid competition for water and nutrients and yield reduction and needs to be determined for specific soil and climatic conditions. Research focuses on the selection of the intercrop (e.g. ryegrass, clover, …) and sowing time (e.g. at planting or some weeks or months after planting). Other advantages of intercrop are the enrichment of soil organic matter, improvement of some physical properties such as soil structure and reduction of weed and pest control. An intercrop also reduces the rate of cooling during cooler periods and may reduce the yield loss during the winter period (Kołota and Adamczewska-Sowińska, 2013; Agneessens et al., 2014; Xie et al., 2017). 
Nitrogen fertilizer application rate and supply Taking into account an optimum N supply of 150-200 kg N ha-1 (see above) and a mean Nmin value (0-60 cm) at planting of 69±45 kg N ha-1 (average ± standard deviation), mineral N application rates in the order of 80-130 kg N ha-1 are maximum, which allows RSMN values below 50 kg N ha-1. Currently in Flanders the N fertilization advice is based on an average marketable and total yield of 50 and 72 Mg ha-1 independent of the harvest period. However, at planting a lower N supply target value is worked out in the KNS advice of overwintering leek as 1 soil sampling after 6 weeks and 1 after winter is advised compared to only 1 extra soil sampling in non-overwintering leek (Coopman et al., 2014). Also the N expert system in Germany and NBS system in the Netherlands 3 fertilization fractions instead of 2 are advised for overwintering leek (Feller et al., 2011; van Dijk and van Geel, 2012). In Germany the N fertilization advice of leek takes into account a marketable yield between 40 and 55 Mg ha-1 depending on the harvest period (Feller et al., 2011). It is important that legislation also pays attention to the needed N supply and long growing period of leek. In Flanders to avoid NO3- leaching soil sampling (0-60 cm) after August 15 is obligated for fertilization between September 1 and November 14, while the maximum N fertilizer application rate is 100 kg effective N ha-1 (maximum of 60 kg effective N ha-1 within 2 weeks). However, a change of the maximum N fertilizer application rates may be considered by the legislator as the maximum N fertilizer application rate for leek in Flanders as a single crop are 225 or 250 kg effective N ha-1 on a sandy and non-sandy soil, respectively (Anonymous, 2015). 
CONCLUSIONS To detect the economic and ecological optimum an N fertilization advice has to consider leek yield quantity and quality and RSMN. Contrary to some farmers’ perception, low RSMN can be obtained without yield reduction or a low score for abrasion hardness, leaf color or 
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uniformity, except for the un- and underfertilized plots. However, the harvest month has an impact on the marketable yield and RSMN in function of N supply as differences in N mineralization can be large. In order to include a correct as possible estimation of the N mineralization rate in the N fertilizer application rate, it is important that the (obligatory) soil sampling is done at a relevant timing. To reduce the NO3- leaching risk during winter an intercrop and lower maximum N fertilizer application rates can be considered. 
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